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ABSTRACT

The photoelectron asymmetry paramefer B in LS—coub]ing‘is

_ obtained as an expanéion,into COhtributfons from alternative angular
momentum transfers jt' The physical signfficanée of this expansion of

B is shown to be that: 1) The electric dipole interaction transfers

_to the atom a characteristic single angu'lar'momentum'jt =-26, whére
zo'isrthe photoelectron's initial orbital momentum, whereas 2) angular
momentum transfers jt # Ro indicate the presence of anisotropic (i.e.,
term-dependent) interaction of the outgoing photoelectron with the
reéidua] ion. For 6pen-she11 atoms the photoelectron-ion interaction
is-generally anisotfop%c; photoelectron phase shifts and electric dipole
matrix elements depend on both the multiplet term of the reéidua1 ion
and the total orbital momentum of the ion-photoelectron final-state
channel. Consequently B‘depend; on the term 1evéls ﬁf the residual ion
and contains cqntribﬁtions from 611 allowed values of jt. These findings
contradict the independent particle model theory for B, which ignores
final-state electron-ion interaction and to which our expressions reduce
in the limiting cases for which only jt = 20 is allowed, namely 1) _
spherically symmetric qtomé [e.g., closed-shell atoms] and 2) open-shell
atoms for which the electron-ion interactiﬁn is isotropic [e.g., very
light elements]. Numerical calculations of the asymmetry parameters and
partial cross sections for photoionization of atohic sulfur are presented
td illustrate the theory and to demonstrate the iﬁformation on electron-
ion dynamics that can be obtained from the.theoretica1 and'experimenté1

study of 8 for open-shell atoms.



1. INTRODUCTION

We obtain in this paper explicit expressions, in LS-coupling,
for the angular distribution of photoelectréns produced by electric
dipole ionization of an arbitrary open- or closed-shell atom. Our
treatment is based on the angular momentum transfer expansion for the

differential photoionization cross section1'3

and 1s intended to pro-
vide a theoretical frémework that allows angular distribution ca]culatiéns
comparable in accuracy to the best calculations of total photoionization
cross sections. The formulas we obtain show e%p]icitly the-inf1uence

of anisotropic electron-ion interactions on the electron angular dis-
tribution and at the same time explain the success of the Coopef-Zare4
independent particle model theory in predicting such distributions for

5,6 For other than the lightest open-shell atoms,7

closed-shell atoms.

however, we expect anisotropic electron-ion interactions to produce

photoelectron angular dis;ributions that deviate significantly from the' W

predictions of the Cooper-Zare theory. | |
Qur conclusions, described above, are contained imh]icif?y in

the LS-coupling formulas for the angular distribution asymmetry

| parameter B obtained by LipskyB’Q °

and by Jacobs and Burke,,‘1 whose
formulas are in principle equivalent to ours. The advantage of the -
angular momentum transfer expansionemp?oyed in this paper, however,
is that such conclusions follow explicitly from our formulation.

Hartree-Fock calculations of the angular distribution of electrons



photofonized from atomic sulfur, a typical open-shel] atom, are
presented to 11lustrate our theoretical predictions.

In Séction Il we summarize the angular momentum transfer formula-
" tion of the differentia]'photoiﬁnization cross section. We also exhibif.
how the anQu]ar momentum transfer probes anisotropic_e1ectrbn-ion
“interactions. The formulas in this section'depend on the émp]itude for
_photoionization with a particular value of the angular momentum transfer.
The form of this amplitude in LS-éoupTing, a main result of this paper;'
is obtained in Séction IfI. In Section iV we 11lustrate the theory by
calculating the photoelectron angu]arrdistribution of atomic sulfur. |
Lastly, we discuss our'conclusions in Section V. A brief report of

these results has been published elsenhere. '



IT. SUMMARY OF THE ANGULAR MOMENTUM TRANSFER FORMULATION

The ejection of an electron ¢~ from an unpolarized atomic target
A by electric dipole interaction with an incident photon y may be
represented schematically as

ATy + Y321 M=) R ) + e lss, m=-n*T (1)

The differential cross section for this process can be separated into
contributions characterized by alternative values of the angular
momentum transfer,

-+
S

jt = EY -1= jc + 5 - 30, (2)
provided no measurement is made of either the photoelecron spin or the
orientation of the residual ioh., The vector jt is the angular momentum
transferred between the unobserved initial and final angu1ar momenta_ in
the reaction, i.e., between the total angular momentum jo of the‘target
A and the combined angular momenta of the residual ion at and the
photoe]ectrﬁn spin ;, which we denote jcs = j; + S. Allowed values of

jt are determined by conservation of angutar momentum J and parity ﬁ

in Reaction'11):

-+ > > “*> -> -+ :
J=J0+JY=JC+S+£' -~ (3)
T=-T =T (-1)2' ' (4)

The general form of the differential cross section for Reaction (1)
1512

ja N

5 = g [+ 8Pyleose)]. (s



Here o is the toté1 Cross section, 8 is the angle Setweeh the axis of
1iﬁear polarization of tﬁe 1ncident Tight and the direction of the
outgoing photoelectron, and 8 is the asymmetry parameter. The dynamical
features of the angular distribution aré thus contained in g, which may
assume values in the range -1 S B8 £ 2, corresponding to distributions

28 to cosza. (Though Eq. {5) assumes linearly polarized

13 14

varying from sin

incident light, unbo1ari2ed, partially polarized, ~ and elliptically

15 incident Tight produce angular distributions that may be

pb]arized
expressed in terms of B.)

| The resolution of £q. (5) into contributions corresponding to
' a]ternatfve values of jt réquires firstly that one determine the a]iowed
values of jt from Egs. (2)-(4). Secondly, eéch va1de of jt is charac-
terized as-being either parity favored or parity unfavored,z_corres-

ponding to whether the parity change of the target, T Tes is equal to

_ ) c
+(-1)9t or -(-1)7t respectively. The total cross section o and the
asymmetry parameter B may then be expressed in terms of cross sectiors

o(jt) and asymmetry parameters B(jt) for a particular value of jt, as

Follows:>
o= 1 ol | (6)
Jpsde . '
fav '1 unf -
oB = L. { Z U(jt)favs(jt)fav = Z 0(jt)unf}- (7) '
JCS Jt Jt _ )

In Eq. (7) we have summed the favored and unfavored values of 3y

separately, but as seen from Eq. (11) below, Eq. {7) represents 8



as a weighted average of B(j,). Note that while Eqs. (6) and (7) also
have sums over J_. (cf. Ref. (3), p. 1981), we do not indicate the

~ dependence of ¢(j,) and B(jt) on guantum numbers other than j, until

t
Sectiqn III of this papef. This dependence is hidden in the scattering

amp]itudes gﬂ(jt)’ in terms'of which c(jt) and B(jt)are given by:3

2§+

(idtay = T 77 23,71 LIS Jt)lzf |§;(jt)|2], L@
c(jt)unf.= m % E%é;} ISo(jt)lz ; (9)
B(jt)fav | |
_Gg2ls REMIE: Jt-l)ls (i)1° -3[3, (3,41 1S, (3 3 (i) e ]
(23 IS, 1% + 156314 “0)_
8i) g = -] - | L

In these equations, X is the photon wavelength divided by 27 and

c" denotés."complex conjugate.ﬁ The parity favored cross sections
and asymmetry parameters, Egs. (8) and (10), depend on photoionization
amplitudes §;(jt), the "+" sign denoting the value of the photoelectron's
orbital angular momentum, & = jﬁ:]. The parity unfavored partial cross
~ sections in Eq. {9) depgnd on the amplitudes §;(jt), the "o" denoting
L = jt’ That the asymmetry parameter for ény parity unfavored value of
jt is -1 independent-of dynamics, as indicated in Eq. {11), is discussed
in Ref. (2). Finally, the LS-coupling form of §£(j£)_in terms of re-

duced e]ectric‘di§o1e matrix elements is derived in Section III. Before

et



continuing with this formal development, however, we discuss in the
rest of this section the physical significance of the angular momentum
transfer and, in particular, its role as a probe of anisotropic
electrons-ion interactions. |

The physical significance of angular momentum transfer as a
direct probe of anisotropic electron-ion interactions is illustrated
in Fig. 1. In this analysis it is convenient to think of the photo-
ionization process as having two stages, namely, an initial stage A
of photoabsorption'proper, and a subsequent stage B of escape of the
photoelectron from the rest of the atom. The angular momentum transfer
is a]ﬁays equal to the difference between the angular momentum input to
the atom (name1y, the angular momentum jY = 1 of the electric dipole
1nferaction) and fhe angular momentum outbut from the atom (namely, the
photoelectron's final state orbital momentum E). Thus the angular
momentum transfer, 3t = ET - E, is the net angu1ar-momentum transferred
to {or deposited in) the target by the photoionization process. ({Note
that since we consider experiments in which the'photoe1ectron's spin
; is not méqsured, S is included as part 5f the angular momentum of the
residual target.) The 'allowed values of jt’ however, are different in
the two stages of the photoionization process.

In the initial stage A (iT]ﬁstrated'in Fig. 1a) the bhotoabsorptioh
imparts jY ='1 unit of orbital momentum to the photoelectron, which has
initial orbital momehtum Eo (in'an independent particie model), yielding

) -+ -+
a final orbital momentum, E' = ﬂo + _j#. .Therefore in stage A the



angular momentum transferred to the target is

el e

Jt“'J.Y- "—”o’
where the magnitude j% has the single value j% = 20. Furthermore,
owing to parity conservation, &' = 2,+1, and hence j% = ¢, is a parity

favored angular momentum transfér.

During the subSeﬁuent escapé of the photoelectron in stage B
additiona]'angular_momentum fransfers can arise, within the allowed
-range‘determined by Eq. (2), from aniéotrOpic 1nteracfidns of the photo-
electron with the rest of the target. In this report we consider only
spin-independent interactions in LS-coupling. Therefore the interaction
in stage B is fﬁat between the orbital motion of the photoelectron and
the net-orbital motion of the electrons ofjfhe residual ion core, as
illustrated in Fig. 1b. This interaction produces a dynamical éoup1ing
of the respective.orbita1 momenta E' and tc' Owing to the resulting
angular momentum exchanges k between the phﬁtoelectron and tHe core,
only the total angular momentum E is conserved. (It is because of this
dependence on L that we call these interactions anisotropic.) In |
particular, the photoelectron orbital momentum can change from 2 to 1

during the departure of the photoelectron from the atom, in which case

the angular momentum transfer is no longer j% = -20 but

+ * > * - |

Ji JY“f’«—_Jt-'k,l - (3
3 .

as illustrated in Fig. l1c. 'Note that even if the magnitudes of %' and

R ,
Lé remain unchanged, a precession (albeit quantized in units of k) about
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the total orbital moméntum E is sufficient to produce a change in the
magnitude oflgt.

It is at this point that the connection between the present for-
mulation and that of the Cooper-Zare independent particle mode]4 emerges
most clearly. The Cooper-Zare model treats the residual ion core as
a spectator to the photoionization process. That is, stége B is ignored
altogether, in which case only the single (parity-favored) angular
momentum transfer jt = 20 arises. In addition, the amplitudes
'S"t(j_t = 20) assume limiting forms (cf. Eq. (35) be]ow)which, when
substituted in Eq. (10), give the Cooper-Zare formula for the asymmetry
parameter. These points are developed in detail in the following

sections.
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I11. PHOTOIONIZATION AMPLITUDES S,(j,) in LS-COUPLING

The scattering amp]itudes-§£(jt) may be expressed as a sum of

reduced electric dipole matrix elements, each one Correéponding to a

given total angular momentum J:3

5,03) = (9803253 lagdd =1)

(-1)Jo-d-1 5

1

>

((3:8) 2 a-||P[‘1[|aoao) (18)

Here, n{X) = 4wdﬁw/(3%2), J E‘(2J+1)%, %, deaotes the set of quantum
numbers nécessary to uniquely specify the initié1 state,_and_the minus
sign "-" indicates that the final state is normalized according to in-
coming-wave boundafy conditions. Our task in this section is to obtain
the LS-coupling form of the reduced electric dipole matrix element in
Eq. (14). | ' -

Before specializing to LS-coupling, however, let us consider the
problem in general. The form of the reduced dipole matrix element in
Eq. (14} is inconvenient for numerical calculation for two reasons.
Firstly, the final state ((JCS)JCSE,J-] is defined in terms of the
dissociation channel quantum numbers appropriate to the electron-ion

system at infinite separation. In general it is more convenient to

R ar W= TR
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calculate the electric dipole matrix element for transition to one of
the electron-ion eigenchannel states (oaJ], where a denotes the eigen-
channel - coupling scheme, Secondly, it is much
more convenient to calculate real matrix elements, and for this reason
a transformation to the standing wave representaiion is desirable,

For these reasons, we expand the dipole matrix element in

Eq. (14) as fol]ows:3

((Jcs)dcsn,d-]lp[‘lllaodo) = i_zexp(ic(dcg))
x ({3 s)J_.2]a) expli ,[1]
c>/Yes p(is(a)) (ad]|PY'2][ad ) (15)
a -

Each term in the summation in Eq. (15} comprises three elements:

(1) The phase factor’i'iexp i(c(ch)-+G(a)), which effects the change

from incoming-wave to standing-wave normalization. Here'o(Jcl)

is the Coulomb phase,

6(3.8) = arg T(2+1-i//%), | (16)
which depends on the bihding ehergy I(Jc) of the residual fon fine
structure level Jc through the photoelec¢tron kinetic energy ¢
measured in Rydbergs:

e = fiw - 1(J,). | N - an

The phase G(a)'is the photoelectron phase shift with respect to
Coulomb waves in the eigenchannel o and represents the effect of

short-range electron-ion interactions. .
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(2) The real transformatxon coefficients ((J 5) J | which relate

the e1genchanne1 coupling scheme to the diSSOC1at1on channel
coup11ng scheme.

(3) The real, reduced d1po1e matrix elements ( aJ[[P[TJlIa

Thus far Eq. (15) and all preceding equat1ons are exact for electric

dipole transitions. Approximations must be made, however, in the

- representation of the eigenchannels (ad| and their phase shifts §{a}

as well as in the representation of the initial state IaOJD). We prb—
ceed in the rest of this section to derive the LS-coupiing form of
Eq. {15) and then to reduce that further by assuming the use of radial
dne—e]eétron wavefunctions appropriate for given term levels of the
ion core‘and of the electron-ion System. i A
In LS-coupling A and a are given by
a =LS

0. 00 . . ' (18)
o = (LA (5.5)S.

'Implicit in the definition of ey is that we have an atomic configuration
hafing a single open shé11 EON, where 2 is the orbital angular momentum
and N is the occupation number. Similarly a implicitly indicates the
configuration of the final state after photofonization, which is of the

N']z. The transformation coefficient in Eq. {15) may be found

16 17

form Eo

either algebraically = or graphica11y to be:
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(LS 2l (L AIL(S s)S) =

(-1)2Jcs ¥ (Lc"'“") * (Sc+5+5) 3C3CSE§

L.S.J L S J (19)

Fina]iy, we must evaluate the LS-coupling form of the reduced dipole

matrix element:

(@17 1agd ) = (L iLiss)s,ol P s, L0 ). (20)

18 but in what follows

This evaluation may be carried out graphically,
we shall proceed algebraically.
The first step in the evaluation of Eq. (20} is to make a

fractional parentage expansion of the initial state,

" = = N-1- = N
ILS ,d) = _z_ ](LOILO)LO(SOS)SO,JO)(RO Loso,zol}ﬂ.or_oso). (21)

l‘o So
Since the ionization 'prqcess is spin-independent, the second step is to
split off the geometrical dependence of the matrix element in Eq. (20)

on spin and total angular momentum quanturr:number*s:j9

(L t(s )sa| P 0L (B 905 ,00,)
c* o

| aa (301 |
= (-1)LHSHM 3, & 0 \ (5,5 ) §(5,8,) ~ (22)
' 0

| .
< (et P o)
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. to : ' ‘
The third step is"reduce the matrix element of the electric dipole

operator to a one-electron matrix element by factoring out the

geometrical dependence on core and total orbital momenta:20
_ . A
LI PR 2 L)
- L. L, 1 : : : _
= W% (-pbettottH T T BlLoky) (23)
: 8o & L ' , ,

e Gl 1PE e ).

In this equation the factor N% is a weight factor due to the presence

18,22

of N équiva1ent electrons in the initial state. The last step i%.

to faétor the reducgd one-electron matrix element into its radial and’

angular parts:22
: ' . L.S,L ,

1Pt ) = apiel e R g (24)

where the angular part is
'. . A ’Q‘ ] ‘Q' )
(e1etMj1e ) = (-1)% 22 0 (25)
- | 000

and the radial part is

LS.t ' :
Ry = fwdr wf((LCSQ)ER;LSIr)rwi(nORO,LOSOIr) | (26)

0

Note particularly that this radial part is calculated using radial
wavefunctions depéndenf dynamically on the angular momentum and spin
quantum numbers of the initial state,of the final state, and of the

residual ion core,.
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Putting Eqs. (21)-(26) together, we find for the reduced dipole

matrix element in Eq. (20):

((LILiss)s.af [PHH gL

oso’Jo) N
DL A4S 40 #] mn an an .

Lo, N-T N c o ‘o (27)
Nz(_z0 Lcsc,zol}goLoso) (-1) JJOLLoﬂﬂo

J JO 1 L L0 1 g 1 20 LcScL
x R ¢

£
L, L S Ry % L, C 0 0 _

Finally, substituting Egs. (15}, {19}, {20), and (27) into Eq. {i4) and
noting that (L])JO'J = (—})J“JQ we Find for the scattering amplitude the

following result:

T | l/ - "Bl -
§.(3¢) = n(%)Nz(Rﬁ 1Lcscfgo|}£§LoSo) i 2exp,w(JcR,)
( )Sc+s+S ~n (L 1 2{) N be S¢ 9
-1 22 J d L. S
0 o “c Yes "o Yo
0 0 0y 5 JCS SO
LL. g .
LSL L.SL o ¢ "o
X T exp iaeg ¢ REE ¢ 12 (-])2Jcs+50+£+L (28)
L 2 1 L L
B
s Jles 9 3, 9 1 Sp 91
x £(-1)" 4 ,
J 1 3y J0 L Ly S0 2oL I

Since we have assumed no depehdence of the phase shifts and radial dipole
matrix elements on total angular momentum J, the sum over J in Eq. (28)
may be performed analytically using the Biedenharn 1dentity23 to yield

the desired expression for the scattering amplitude in LS-coupling:
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= iy 1, N-1 S N \
Sz(Jt) = nOﬁ)Nz(go LCSC,£O|}£0L030)1 exp 10(Jc£) Q(Jt,dc,dcs)

(L0+LC+1) + (Sc+5+so) + _(Jcs-_Jo-jt)A ~n 2,: 1 zo\

x {-1) J 2% o (29)
© %0 0 0;3 |
LS LS, Sho te dth Yo te Ko
x I exp ié Py "R s L '
L ¢ £ g 1 L £ 1 L
where
( : ) AN AA JC LC SC Jt LC LO ( )
Q(j,sd.2d..) =L S JJ 30
t*c?cs e s J 4

\Yp - cs : 0 0 CS C
" Though Eq. (29) gives the LS-coupling fdrm'of'the scattering
amplitude we see that there is a geometrical dependence on the quantum

numbers Jts and Jc relating to the fine structure levels of the ionic
] ' ' LSL

dence of the phase shifts & E ¢

LSL €

and radial dfpo]e matrix-elements Reg ¢

We consider this dependence on Jeg and J, in turn.

core. (We have neglected any depen

on the fine structure levels.)

A1l of the dependence on J.. in Eq. (29) s contained in the
J

geometrical factor (-1) cs 0Q(jt,dc,dcs), which depends additionally

on quantum numbers that are either fixed for a given ionization process
o,SO,LC,SC,JC) or enter incoherently in the differential and
total cross sections (e.g., jt in addition to Jcs). The square of. this

(e.g., sl

facfor. with phase +1, enters into the definition of the cross section
(Eq. (6)) and the asymmetry parameter (Eq.(7)), each of which involves

a summation over Jcs‘ Accordingly it is convenient to define a new
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quantity,

=t 2 _ e
Q(Jt’JC) = JE Q(Jt’JC’JCS
Cs

)2, S (31)
which gives the statistical weight with which ionization probability
for a given jt is distributed among the possible'fine structure

levels Jc’ since

: Uiyl )% = 1 (32)
Ye
Note however that in Eq. (29) there is an additional dynamical depen-
dence on Jc arising from the Coulomb phase c(ch). Gften, though,
the fine structure separations of the residual fon are not resoived.
Then c(ch) can be taken as independent of JC and the dependence of
the cross sections and asymmetry parameter on Jc can be removed
altogether by application of Eq. (32).

' Having obtained the form of the scattering amb]itude in LS-
coupling in Eq. (29), it is instructive to return to our discussion
in the last section concerning the role of jt as a probe of anisotropic
interactions, as illustrated in Fig. 1. The allowed values of jt are
those consistent with the triangular relations, {LoLcjt} and {Eljt},
implied by the first 6j-symbol in Eq. (29). The coupliing of the elec-

tron to the residual ion {(cf. Fig. 1b) is reflected in the dependence

LSk LSk

A 2
total angular momentum of the electron-ion complex. Only when these

of the phase shifts § and dipole matrix elements RE on the

phases and matrix elements do not depend on L {i.e., when the electron-
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ion interaction is isotropic) is jt restricted to the single value

Jt = %o
be extracted from the summation, since

j. = & . For in this case the dynamical weight factors in Eq. (29) may

LSk LS isotropic (3
exp 16 -~ R.; - —— exp i8§_,R_,» . 33
et ek interaction elek 7
and the summation over L may be performed analytically:
~p o "¢ Jt 0 "C "oy o, -
_ = 2 5(jt,£o). (34)
L £ 1 L £ 1 L
‘The scattering amplitude then depehds only on therfina]'orbita1 angu]é?F
momentum £ of the photoe1ectrbn. - -
an R RS
T (i =0, ) . 0
SR(Jt'Eo) = 1 Texp 1(UE£+5€L)2£O (0 00 )ng (35)
where the proportionality constant indicates that we have not written
down all the other factors from Eq. {29) which depend on quantum numbers
that are fixed for a given photoionization process. These
other factors do not contribute to the asymmetry parameter-in Eq. (10)
since they occur in both numerator and denominator and thus cancel out.
Setting jt=£0 in Eq. (10) and substituting the scattering amplitude
from Eq. (35) leads to the asymmetry parameter 8(20) of the Cooper-

Zare independent particle mode].4
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IV. APPLICATION TO SULFUR PHOTOIONIZATION

To illustrate the theory developed in the last two sections we
calculate the angular distribution of photoelectrons ionized from

atomic sulfur according to the reaction,

2, 2

s(3p* ) + vy > 5" (33 %5, %o, B) v (36)
For each of the residual ion terms LCSC we present in Table I the
allowed values of photoelectron angular momentum £, angular momentum

transfer jt’ reaction parity (where parity change = +1 is favored and

parity change = -1 is unfavored), and the allowed values of total
angular and spin momenta for the electron-ion system. We see that
the 45 ion term has only the single angular momentum transfer

2

jt = 10 = 1 but that the “D and 2P ion terms both have othér values

of jt including parity unfavored values, Notice that for the 2D-and
2P ion terms the 2 = 2 states havetwO'oggﬁiowed values of LS, imp1y1ng
that there ﬁi]] be interference between phase shifts belonging to
different final state channels.

For conciseness we shall concentrate in what follows on the o
photoionization feactioﬁ leading to the 2y ion term since it shoﬂs
the strongest anisotropic electron-ion interactions. . For this ion

term the scattering amplitudes §£(jt) in Eq. (29) for the allowed

_ values of £ and Jy listed in Table T are:
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3;(]) = C %91(05+55( D))Res(an) : , | : _ (37a)
I .o (3 3 o3 o
(1) = ¢ £ el7g 0N el 35) + 2 o18al 2 d(3p) ¢ L 18C0p_By1
| . {3m)
‘ 1 '. ) 3 | 3 ' 3 .
54(2) = C% 10:1[_13, elddl S)R (35) ‘Gd( )de(3p) + llze“sd( D)de(?’n)]
' ' (37¢)
5,(3) = ¢ 3’ 1Ud[3 16d( S) sd(3s) _ %_816d( P)REd(BP) + %-e‘éd( D)Red(an)]

(37d)

1In Eq. (37) C denotes those constant factors in Eq. (29) that are common

to all tﬁaﬁne]s, s and d denote 2 = 0 and & = 2, and R d(SS), for examble
LSL - '
denotes the radial dipole matrix e1ement R C © for'L e 2D, L =0,

and & = 2. Note that we have ignored the dependence of the Coulomb

phase shifts o_ and Gy on ion core fine structure levels Jc,.as

s
discussed at ‘the end of the previous section.
The asymmetry parameter for photoionization to-the ZD ion term is
given by Eqs' (7)-(11):
_31841) 12 - 3293, (15, (1) T rec.] - 8]5,(2)|% + 2[54(3))

38
315, (112 + 3|5, 1% + 515,(2) 12+ 7]3,(3)|? 38

In Eq. (38) the common factor C in Eq. {37) cancels in numerator and.

denominator. As pointed out in the last section, Eq. (38) reduces to

LSL S

the Cooper-Zare result for 64 when the phase shifts 6 C ¢
LS L

dipole matrix elements R c ¢ became independent of L S L It is of

and radial

LT i
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interest to see how this occurs for this particular example. Note
first that‘§d(2)*0 and §a(3)+0 in Eqs. {37¢c) and (37d) when the phase
shifts and dipole matrix elements become identical. We also
see that the squared modulus of each of these scattering amplitudes,
having jt # 20 = 1, is non-zero partly because the resulting factors
cos(Gd(3S) - Gd(BP)),etc., in the cross terms are not unity. These
same factors also arise in cross terms of ISd(1)|2 and are partly
responsible for changing the value of this modulus from what its
{non-zero) Qalue wbuld be in a Cooper-Zare model calculation. For
these reasPng we regard the magnitude of phase shift differences
6;§SCL - SEE >t to be an indication of the strength of anisotrohic
electron-ion interacticns and hence of the validity of the Cooper-
Zare model for B

The scattering amplitudes in Eqs.‘(37a) and {37b), having -
jt = 10 = 1, contribute to the cross section and-the asymmetry
parameter B whether the phase shifts and matrix elements are identical
or not. The scattering amplitudes in Egs. (37cj and (37d), however,
having jt %,20 = 1, contribute only when £he phases and matrix elements
are different from one another. An index of the strength of angular
momentum transfers Jt # %4 is thus the fraction [o-o(] =% )]/c where
o 15 the photoionization cross section and_a(3t= O) 15 the partial
Ccross sect1on corresponding to Jt E . Ffor photoionization to the

2D ion term of sulfur this ratio is expressed as:
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(2 oy 12 z 2
. 5(S,(2)}|¢ + 7|5,(3
o-a(1)1/s = 1S4(2}] 1S4(3)1

- py - — . (39)
35+ 3|Sdm|2 + 5|sd‘(z_)|2 + 713,03 |2 .

_ To evaluate Egs. (37)-(39) we used continuum Hartree-Fock(HF) -

~wave functions obtained by solving the equations given by Dalgarno,

24

Henry, and Stewart®" using méthods discussed fully by Kennedy and |

6

- -Manson.” These continuuﬁ wave functions depend on both the ionic
term 1eve1 and the-tota1 orbital angular momentum. Discrete HF
sing]e-parti;?e orbitals fpr the neutral atom and for the ion were
obtained from the tabulation of Clementi. %

For comparison, we have also carried out 2 CQOper-Zare type of

26 (HS)} wave functions. The

calculation employing Herman~Skillman
continuum HS wave functions are calculated in the average sulfur
potential appropriate to the ground configufation as tabulated by
Herman and'Skﬂ]man.26 These wave functions depend neither on the
ion core level LCSc nor on the total angular moﬁentum L and thus the

phase shifts and radial dipole matrix elements depend only on €%, and

Eq. (37) reduces to:

5.(1) = ¢ et (Os¥Es)p | | (40a)
- .
S =c% e-‘(c‘d*dd)de | (40b)

54(2) = §4(3) = 0 | - ~ (40¢)
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.Notice that since the HS continuum wave functions do not depend on the
fonic term level the as&mmetry parameters for each ion term, when
plotted versus photoelectron kinetic energy £, are jdentical. Discrete
wave functions for both the ion and the atom were taken to be the

tabulated HS neutral-atom discrete wave functions:

LS L
In Fig. 2 we have plotted HF phase shifts 683 € for the fonic

term level 2D as a function of photoelectron kinetic energy e. The
three allowed values of L are listed in Table I. These phase shifts
differ by as much as 0.7 radian indicating that anisotropic electron-
ion interactions are significantly 1arge.-

In Fig. 3 we have plotted the three asymmetry parameters corres-
ponding to the three alternative ionic term levels resulting from
photoionization of the sulfur atom. Contrary to the Cooper-Zare model,
thesé asymmetry parameters'are significantly different from one another
when plotted as a function of photoelectron kinetic energy. In this-
plot the length formula for electric dipole tranéitions has been used

since this is the correct one for HF c:a]culations.z7

In Table 11,
however, we 1ist calculated HF asymmetry parameters using both length
and velocity formulas for the dipole matrix elements in order to show
that for mosf energies listed the differences between the asymmetry
parameters for different ion terms are 1érger than the Tength and

velocity difference for a given ion term. We also list for comparison

the B parameter calculated using HS wave functions and the Cooper-Zare
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formﬁTa for B (i.e.; Eq. (40)). The HS'wavefunctions are .quite
different.from the HF wave functions and thus the HS asymmetry param-
eter does not seem to be an "average" of tﬁe HF asymmetry-parameters
- at low energies. | ' | |

In Table II1 we have p]ottéd HF and HS.crdss sections for_

. photoionization:of sulfur. Note that the HS cross séctidn is a total
~cross section and would cﬁrrespond to the sum of the three HF partial

-croés sections at a given photon energy. However, we have plotted the

HF partial cross sections as functions of photoelectron kinetic

gﬂgggi for comparison with Table II. Comparing Tables II and III, we
see that the 1arges; differences in the asymmetry parameteré occur for
energies 1.5Ry S e < 2;1Ry. This 1s just before the Cooper minima28
in -the cross sections, which occur in the region 2.1Ry £ ¢ S 2.8Ry.
The‘cross'sections in the region 1.5Ry £ & £ 2.1Ry are of the order
of 10']8 cm2 and thus measurement of B for the different thresholds
should be experimentﬁT]y possible, if not for sulfur then for some
other élement. Simply put, we wish to emphasize that the differences
we have found between the asymmetry parameters for the different ionic
term levels are not dependent on being at a cross section minﬁmum.

" Indeed, as seen in Fig; 3 énd Tab]es_Ii anq'III there are measurable
differencesbetween B(3P+45) and B(3P+2P) in the energy range

0.1Ry £ £ £ 0.8Ry, where thé cross sectfons are of the order of

1077 el
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Finally in Fig. 4 we examine the influence of angular momentum
transfers jt # Lo ON the asymmetry parameter and partial cross section
for photoionizat{on'to the 2D fonic term level.  The solid line
represeﬁts the asymmetry parameter given by Eq. (38) and plotted also
in Fig. 3. The dashed iine_répresents B calculated according to
Eq. (38) but setting §d(2) = §d(3) = 0. Note that the result is not
the Cooper-Zare expression for B since we still use Eq. (37b} for
§d(]) and thus the dependence of phase shifts and radial dipole matrix
elements on LScL is still important. We see from Fig. 4 that values
of jt # £0 = 1 lower B as much as 0.2 units in the neighborhood of
e = 1.0Ry. fhe dot-dashed curve is a plot of the ratio [0-d(1}]/0
given in Eq. (39). Values of Js # 2, = 1 contribute as much as 8%

to the partial cross section in the neighborhood of € = 1.5Ry.
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V. DISCUSSION AND CONCLUSIONS

We have shown that anisotropic electron-ion 1nteract§ons‘in
atomic 3u1fgr lead to measurable differences between photoelectron
angﬁ]ar distribution asymmetry parameters corkesponding to a1tern§tive
ionic term levels. Similar effects are expected for most open-shg]l
atoms.. A measure of the strengthrof anisotrbpic electfon-ion inter-
actions is the differehce between bhase shifts for alternative final-
state channels. 'In atomic sulfur these phase shift differences are as
large as 0.7 radian. A separate study of atomic oxygen7 found phase
shift differences of.only 0. 2 radian and asymmetry parameters that
were nearly identical for each ionic term level. However, atomic oxygen
and the other second row elements are regarded as exceptions, since
they are too light to have strong interactions, and atom1c su]fur is
regarded as more typical of open-shell atoms in general. Our choice
of atomic sulfur for study was pure]y a matter of convenience. We know
of no exper1menta1 data on photoelectron angular distributions for an
open-shell atom. We emphasize, however, that we expect the magnitude
_ of the difference between asymmetry parameters and the magnitude of
the cross sections to be exper1menta11y measurable for many open-
shell atoms. _

For the pafticd]ar case of atomic sulfur we have found that
angular momentum transfers jt # zo, which do notlarise in the Cooper-

Zare model,4 contribute only a small but nevertheless significant
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amount to the asymmetry parameters and to the cross sections. We
simply do not know whether this will hold true for other open-shell
atoms. The contribﬁtions to the asymmetry parameter from angular
momentuﬁ transfers jt =_10 are, however, quite different from those in
the Cooper-Zare modé], which has only j. = ho contributions, since -
the‘phase shift differences are so large in the different final-state
channels (cf. Eqs. (37b) and (40b)).

For closed-shell atoms our formulas reduce rigorously to those
of the Cooper-Zare model. Unfortunately nearly all experimental
measurements of photoelectron angufar distributions ¢+ known to us are
for closed-shell atoms, Considering‘the importance of photde1ectron
angular distributions to such diverse areas as radiation dosimetry

29

(e.g., 8-ray spectrum)“” and the physics of the upper atmosphere

)30 as well as to theoretical physics,

(e.g., conjugate point phenomena
as emphasized in this paper, we feel that experimental data on photo-
‘electron angular distributions for open-shell atoms would be most
valuable. | _
Lastly, we point out that our formulas for photoe]ectron angular
distributions have been derived for any electron-ion couh?ihg scheme,
but worked out in detail only fo; LS-coupling. In general the electron-
ion interaction is best described in an intermediate coupling schemé,

particularly in semi-empirical ca]cu1at1’_ons.3 Nearly all ab initio

atomic calculations, however, use the LS-coupling scheme and it is for
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theserca1cu1ations that our formulas have been worked out most fully.
While we. have calculated phase-shifts and dipb]e matrix elements in
HF approximation, other more accurate ﬁrocgdures (e.g., many-body

- perturbation theory, random-phase approximation, etc.) may be used to
compute thése quantities for use in our formulas for the asymmetry _
parameter. Similarly, while we have ignored fine structuré splittings
.of the ionic core, tHese may easily be inc1ﬁded in aﬁgu1ak distribution

calculations using our formulas as discussed at the end of Section III,
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Allowed values for the ion core term level (Lcsc)’
photoelectron orbital angular momentum (2£), angular
momentum transfer (jt), reaction parity (nowc(-i)Jt),
and total orbital and spin angular momenta (LS) for
the reaction S(3p4 3P)+hv+S+(3p3 43;'20, 2P) + e .
LS, % iy - Parity o Ls
4S 0 1 +1 (favored) 3
4g "2 1 +1 (favored) 3 B
2'[J 0 1 +1 (favored) . . -BD
2y 2 1 "+1 (favored) 3D, 3P, 3
2D 2 2 -1 (unfavored) 3D, 3P, 3¢
2p 2 3 +1 (favored) 3, 3p, 3
%p 0 1 +1 (favored) 3p
2P 2 1 +1 (favored) 3D, 3P
2p 2 5o, 3 .

2 -1 {unfavored)



Table II. HF asymmetry parémeters for the reactions S(3p4 3P) + hy »

S+(3p§ 45, 20, 2P) + e as a function of ph6t0e1ectron kinetic
energy € using dipole length {velocity) formula and comparison

with HS asymmetry parameter.

e(Ry)  8Crsls)  sir %) g (3p + %) HS B

34

0.00 0.144 ( 0.054) 0.176 { 0.248) 0.274 ( 0.360) 0.35
0.05 0.551 { 0.495) 0.584 ( 0.614) 0.705 ( 0.739) 0.74
0.10 0.769 ( 0.734) 0.805 ( 0.814) 0.942 ( 0.950) 0.96
0.20 1.052 ( 1.048) 1.090 ( 1.082) 1.248 ( 1.229) 1.25
0.40 1.365 { 1.407) 1.402 ( 1.402) 1.594 ( 1.564) 1.61
0.60 1.543 ( i.6]9) 1.574 ( 1.604) 1.779 ( 1.761) 1.78
0.80 1.659 ( 1.761) 1.670 ( 1.735) 1.851 { 1.856) 1.82
1.00 1.734 ( 1.849) 1.693 ( 1.782) 1.793 ( 1.820) 1.68
1.25 1.772 ( 1.860) 1.581 { 1.640) 1.472 ( 1.488) ———-
1.50 1.714 ( 1.665) 1.234 { 1.131) 0.847 { 0.775) 0.10
1.80 1.408 ( 0.944) 0.497 ( 0.185) 0.044 (-0.078) -0.24
2.10 0.724 ( 0.016) -0.127 (~0.270) -0.250 (-0.268) -0.02
2.30 0.211 (-0.210) -0.223 (-0.207) -0.173 (-0.136) 0.18
2.60 -0.108 (-0.029) -0.029 ( 0.076) 0.094 { 0.155) 0.44
2.80 -0.013 { 0.189) 0.170 ( 0.273) 0.281 ( 0.339) 0.60
3.00 0.177 ( 0.393) 0.360 { 0.447)  0.450 ( 0.500) 0.74
4.00 0.933 ( 1.003) 0.972 { 0.989) 0.996 ( 1.009) 1.10
8.00 1.576 ( 1.526) 1.513 ( 1.523) 1.522 ( 1.526) 1.54
15.00 1.697 ( 1.629) 1.614 { 1.636) 1.622 { 1.636)} 1.62
30.00 1.582 { 1.561) 1.534 {( 1.564) ~ 1.537 ( 1.564) 1.54



Table I11.

HF Cross sect1ons for the react1ons S(3p

) (3

3

4
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D,

P) t e |
tron kinetic energy € using dipole length (velocity)
formula and comparison with HS cross section. A]I

4 3

35

P) + hv - .

as a function of photoelec-

e

cross sections are in units of 10"]8 cmz.
“e(Ry) o (O b5 o (Cp > %p) o 3p +:%p)  o(ns)
©.0.00 13.82 (8.92) 27.43 (19.23) 20.87 (15.40)  58.00
0.05 14.61 (9:11) '28.00 (19.18) 20.78 (15.04) 58.78
0.70  15.03 (9.10)  27.46 (18.42) 19.73 (14.04) 57.24
. 0.20  15.04 (8.65) 24.21 (15.65) 16.03 (11.09)  48.33
0.40 12.85 (6.85) 15.42 ( 9.38) 8.43 { 5.62) 24.60
0.60 9,47 (4.75) 8.70 ( 5.05)  4.01 ( 2.62) 11.84
0.80  6.27 (2.97) 4,67 (- 2.61) . 1.92 { 1.23) 4.73
1.00 3.84 (1.73) 2.47 ( 1.34)  0.95 ( 0.61) 2.00
.25 1.96 (0.82) - 1.14 ( 0.59)  0.44 { 0.27) --nn-
1.50 0.97 (0.38) 0.56 (-0.29) .0.23 ( 0.15) . 0.58
1.80 . 0.42 (0.17) 0.29 ( 0.17) 0.15 { 0.10) 0.52
2.10 0.21 {0.11) 0.20 (" 0.15) 0.13 { 0.10) 0.57
2.30 0.16 (0.10) 0.19 ( 0.16) 0.13 ( 0.10) 0.61
2.60 0.14 (0.12) 0.20 ( 0.18) 0.14 ( 0.12) 0.68
2.80 0.14 (0.13) 0.21 ( 0.19) 0.15 { 0.12) 0.71
3.00 0.15 (0.14) 0.22 { 0.20) 0.15 { 0.13) 0.75
4.00 0.22 (0.17) 0.27 { 0.23) 0.17 ( 0.14) 0.80
8.00 0.17 (0.12) 0.18 { 0.15) 0.11 { 0.09) 0.42
15.00 0.05 (0.04) 0.06 { 0.05) 0.04 ( 0.03) 0.15
30,00  0.071 (0.01) 0.01 ( 0.01) 0.01 { 0.01) 0.03
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FIGURE CAPTIONS

Fig. 1. TIllustration of the origin of multiple angular momentum transfers
in atomi¢ photoionization reactions. See text for discussion.

_— , LeScL 9
Fig. 2. Hartree-Fock d-wave phase shifts 8.4 for the "0 sulfur ion

term versus photoelectron kinetic energy e for alternative allowed values
3
(

of L. Solid line, L = 0 [i.e., the state 3p°(%0)ed®S]; dashed Tine,

L = 1(%r); dot-dashed line, L = 2(°D).

Fig. 3. Asymmetry parameters B(3P+LCSC) for the photoionization reactions

4 3P)

S{3p + S+'(3p3 LCSC) + e as a furniction of photoelectron kinetic

energy. Solid Tine, 45 ionic term; dashed line, ?D; dot-dashed, 2P.

Fig. 4. Dependence of the asymmetry parameter B(3P+20) and cross section
0(3P+20)'for the 2D ion term of sulfur on angulﬁr momentum transfers |

jt # L, as a function of photoelectron kinetic energy. Left-hand scale _'
refers to (1) the solid 1ine denoting B and (2) the dashed line denoting
é(jt = 20 = 1), both for the 3P+ZD transition. Right-hand scale refers

to the dot-dashed line which denotes the ratio [c-o(jt=1)]/0 for thé

_3P+ZD transition.
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